The hispid pocket mouse (Chaetodipus hispidus) is one of the most genetically and morphologically divergent species within the heteromyid genus Chaetodipus. Four subspecies of C. hispidus currently are recognized, C. h. hispidus, C. h. paradoxus, C. h. spilotus, and C. h. zacatecae, ranging from North Dakota south through the Great Plains and Texas to central Mexico. We investigated the phylogeographic structure within C. hispidus by examining mitochondrial DNA from both freshly collected and museum specimens from localities distributed throughout the range of the species. We also examined 11 cranial characters in 303 specimens to assess morphological variation within the species. Although morphometric analyses were unable to differentiate the subspecies, phylogenetic analyses of molecular data indicated that the 4 currently recognized subspecies of C. hispidus are not genetically distinct. Instead, our results indicate that there are 4 distinct mitochondrial clades of C. hispidus that do not correspond to the currently recognized subspecies, but whose geographic limits instead coincide with major geographical features in the southern United States and northern Mexico. The Southern Coahuila filter-barrier (Durango and Coahuila), the Deming Plains (New Mexico), and the Balcones Escarpment (Texas) likely have acted as intermittent physical barriers to gene flow among the distinct mitochondrial clades, which we recognize as subspecies within C. hispidus.
The hispid pocket mouse, Chaetodipus hispidus (Rodentia: Heteromyidae), is one of the most morphologically and genetically divergent species within the genus Chaetodipus (Hafner and Hafner 1983; Hafner et al. 2007; Hoffmeister 1986; Patton and Rogers 1993; Patton et al. 1981) . Compared to other Chaetodipus species, C. hispidus is larger and possesses distinctive premolars, glans penes, bacula, and sperm (Paulson 1988) . The 4 currently recognized subspecies of C. hispidus (C. h. hispidus, C. h. paradoxus, C. h. spilotus, and C. h. zacatecae) occupy a large geographic range extending from southwestern North Dakota (Geluso and Wright 2010) south through the Great Plains into Mexico ( Fig. 1) . C. h. zacatecae represents a disjunct distribution in central Mexico, ranging from southern Coahuila and Durango to Hidalgo (Fig. 1) . The geographic distribution of the species ranges farther east and north (including colder continental zones of the northern Great Plains) than any other species in the genus.
Despite the many unique qualities of the hispid pocket mouse, there has been only 1 study exclusively focused on this heteromyid species. More than 60 years ago, Glass (1947) addressed morphological and geographic variation within C. hispidus in light of its long taxonomic history: since the original description in 1858, 7 different names have been proposed for populations of this species (e.g., Allen 1894; Elliot 1903; Merriam 1889; Osgood 1900) . Glass (1947) examined 377 specimens and concluded that 4 subspecies should be recognized even though there was often extensive morphological intergradation among C. h. hispidus, C. h. paradoxus, and C. h. spilotus (C. h. zacatecae was not examined rigorously in his study due to a lack of material). This work, as well as early species and subspecies descriptions (e.g., Allen 1894; Elliot 1903; Merriam 1889; Osgood 1900) , all indicate a lack of discrete morphological differences among subspecies.
The geographic distribution of the 3 subspecies evaluated by Glass (1947) , as well as that of C. h. zacatecae, does not appear to coincide with obvious regional geographic features that may inhibit or intermittently block gene flow among subspecies of C. hispidus. shifts in the physical landscape, vegetation, and climate and has been shown to act as a dispersal barrier for several plant and animal taxa (Gehlbach 1991; Smith and Buechner 1947) . Major rivers and associated riparian corridors such as the Río Grande also may serve as a potential barrier among populations (Amman and Bradley 2004) . The Southern Coahuila filterbarrier (Baker 1956; Hafner et al. 2008 ) effectively divides the northern and southern altiplano of Mexico through a system of rivers and a terminal basin that were historically prone to severe flooding, as well as the western extension of the northernmost Sierra Madre Oriental. This terminal basin (The Laguna or Desierto Mayrán, depending on the season) likely persisted as one of the various Pleistocene pluvial lakes in the region. Of the 16 rodent species whose ranges occur in the general vicinity of the Southern Coahuila filter-barrier, 15 have species or subspecies boundaries that coincide with the filterbarrier (Hafner et al. 2008) . Lastly, the Sierra Madre Oriental also may act to reduce east-west gene flow among altiplano and coastal populations of lowland species (Anducho-Reyes et al. 2008; Fa and Morales 1993; Guevara-Chumacero et al. 2010; McCormack et al. 2008; Riddle et al. 2000a) .
Phylogeographic assessments allow researchers to identify evolutionarily unique units and to explain how past climatic cycles, geological changes, and anthropogenic effects may serve as potential barriers to gene flow within and among natural populations. Discovering these barriers could shed light upon the biogeographical history of a region and give a more robust understanding of past evolutionary processes. North America is a continent riddled with barriers that are known to limit gene flow within taxa (Jezkova et al. 2009; Kerhoulas and Arbogast 2010; McKnight 2005; Riddle 1995; Riddle and Hafner 2006; Riddle et al. 2000a) . Whether these barriers cause genetic differences among subspecies or populations of C. hispidus is currently unknown. Herein, we use mitochondrial DNA (mtDNA) from both fresh tissue and museum specimens as well as morphological data from museum specimens to provide an assessment of phylogeographic variation within C. hispidus, and to assess the potential role of regional geographic features in effective genetic structure within the species.
MATERIALS AND METHODS
Specimens examined.-Sixty-three specimens from 62 localities were examined in the mtDNA genetic analyses (16 of these specimens were obtained from museum study skins [ Fig. 1 and Appendix I]) and 303 specimens from 254 localities were included in the morphological analyses (Appendix II). Outgroup taxa for genetic analyses were C. baileyi and C. formosus. These taxa were chosen as outgroups because C. formosus was identified as the sister taxon of C. hispidus by Hafner et al. (2007) , and although the placement of C. baileyi is uncertain within the genus, it was hypothesized to be closely related to C. formosus by Alexander and Riddle (2005) . Inclusion of an additional outgroup taxon (C. californicus; GenBank accession numbers AY009242 for the cytochrome-b gene [Cytb] and AY009259 for the cytochrome oxidase subunit III gene [COIII] ) was not necessary as it did not result in any topological changes within the ingroup. All genetic samples were obtained as tissue loans from natural history museums (Appendix I).
Laboratory methods for fresh and museum skin snip tissues.-Mitochondrial DNA was extracted using the DNeasy Tissue Kit or the QIAamp DNA Mini Kit (QIAGEN Inc., Valencia, California) according to manufacturer's instructions; skin snips from museum study skins were presoaked in a 1X phosphate-buffered saline buffer solution for 24 h prior to extraction process. Extractions of fresh tissues were amplified by polymerase chain reaction for portions of the FIG. 1.-Geographic distribution of hispid pocket mouse (Chaetodipus hispidus) specimens used in the molecular phylogenetic analyses. Numbers refer to collecting localities listed in Appendix I and subspecies ranges based on Glass (1947) , Hall (1981), and Hoffmeister (1986) are outlined in black. Fresh tissue and museum skin snip specimens are represented in black (filled circles) and in gray (filled squares), respectively. mitochondrial genes COIII (672 base pairs [bp] ), Cytb (417 bp), and reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2; 969 bp) using the primers L8586 and H9323 (Riddle 1995) , MVZ04 and MVZ05 (Smith and Patton 1991) , and L5219ND2 and H6315ND2 (Sorenson et al. 1999) , respectively. Extractions of skin snips from museum study skins were amplified for Cytb and ND2 using newly designed primers listed in Appendix III. Fragment lengths ranged from 163 to 369 bp for Cytb (average 247 bp) and 296 to 655 bp for ND2 (average 491 bp). Polymerase chain reactions for fresh tissues were performed in 25-ll reaction volumes using 10 ll of Eppendorf HotMaster PCR Mix (Fisher Scientific, Pittsburgh, PA), 1 ll of each primer (at 10 mM), and 1 ll of DNA template. Thermal-cycling parameters for COIII and Cytb required an initial denaturation at 948C for 2 min, followed by 40 cycles of 948C (60 s), 548C (60 s), and 658C (60 s), and a final extension of 658C for 10 min. Thermalcycling parameters for ND2 required an initial denaturation at 948C for 5 min, followed by 30 cycles of 948C (30 s), 508C (30 s), and 658C (90 s), and a final extension of 658C for 5 min. Polymerase chain reactions for skin snips from museum study skins were performed in 25-ll reaction volumes using 4 ll of MgCl 2 , 2.5 ll of 10X buffer, 2 ll of deoxynucleoside triphosphate, 2 ll of 5 M betaine, 1 ll of each primer (at 10 mM), and 0.125 ll of rTaq DNA Polymerase (TaKaRa, Mountain View, CA). Thermal-cycling parameters required an initial denaturation at 948C for 2 min, followed by 40 cycles of 948C (30 s), 48-538C (30 s), and 728C (30 s), and a final extension of 728C for 5 min. All amplified products were purified using EXOSap-IT (USB Corporation, Cleveland, OH) and all sequencing reactions were performed at the University of Florida DNA Sequencing Core Laboratory (Gainesville, Florida) using ABI Prism BigDye Terminator cycle sequencing protocols (Applied Biosystems, Foster City, CA) as described in Light and Reed (2009) . Sequences were edited using Sequencher 4.9 (GeneCodes Corporation, Madison, WI), and primer sequences were removed and sequences trimmed in reference to the translated protein sequence using Se-Al version 2.01a11 (Rambaut 1996) . Sequences were aligned by eye using Se-Al version 2.01a11 (Rambaut 1996) and all sequences were submitted to GenBank (GenBank accession numbers JQ412006-JQ412054 for COIII, JQ411942-JQ412005 for Cytb, and JQ411873-JQ411941 for ND2).
Phylogenetic analysis.-Rigorous phylogenetic analyses were performed on 3 main data sets. The 1st data set included only fresh tissue samples consisting of 47 ingroup taxa and the mitochondrial genes were analyzed individually as well as in a combined 3-gene framework. The 2nd and 3rd data sets included both fresh tissue samples and museum skin snips. Unfortunately, not all of the small gene fragments of Cytb and ND2 (Appendix III) amplified and sequenced. To avoid having excessive amounts of missing data in our analyses, museum skin snip samples were analyzed only if we were able to successfully amplify and sequence a combined total of at least 3 fragments from Cytb or ND2, or both. The data sets including both fresh tissue samples and museum skin snips had a total of 63 ingroup taxa and consisted of either 2 genes (Cytb and ND2) or 3 genes (COIII, Cytb, and ND2; all skin snip samples were missing COIII data). As with the fresh tissue-only data set, mitochondrial genes in the 63-taxon data sets were analyzed individually as well as in a combined 2-gene or 3-gene framework. Phylogenetic analyses were conducted on all data sets using neighbor-joining, maximum-parsimony, maximum-likelihood, and Bayesian approaches in PAUP* version 4.0b10 (Swofford 2003) ; Randomized Axelerated Maximum-Likelihood (RAxML-Stamatakis 2006); and MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003) . Distance-based neighbor-joining analyses and equally weighted maximum-parsimony heuristic searches with 10 random addition replicates and tree-bisection-reconnection branch swapping were performed using PAUP* version 4.0b10 (Swofford 2003) . Support for these nodes was tested with 200 nonparametric bootstrap replicates (10 random sequence additions -Felsenstein 1985) .
Best-fit models of nucleotide substitution for the maximumlikelihood analyses were selected using the Akaike information criterion (Huelsenbeck and Rannala 1997; Posada and Buckley 2004) in the program ModelTest (version 3.6-Posada and Crandall 1998). Best-fit models of evolution are listed in Appendix IV. Full heuristic maximum-likelihood and bootstrap searches (1,000 pseudoreplicates) were conducted using the preferred models in RAxML (Stamatakis 2006) .
Bayesian phylogenetic analyses were performed in partitioned and nonpartitioned frameworks. Genes were partitioned by gene, codon position (each codon position separately as well as linking the 1st and 2nd positions with the 3rd position treated as an independent partition), and by gene and codon position (again, each codon position separately as well as linking the 1st and 2nd positions with the 3rd position treated as an independent partition). Best-fit models of evolution were determined using MrModeltest (version 2.3- Nylander et al. 2004) and are listed in Appendix IV. To choose the best partitioning scheme, Bayes factors were computed using the harmonic means of the likelihoods calculated from the sump command within MrBayes. A difference of 2 ln Bayes factor . 10 was used as the minimum value to discriminate between analysis schemes Brown and Lemmon 2007) . For the 47-taxon fresh tissue samples-only data set, partitioning by gene and codon position (with each codon position treated as a separate partition) was identified as the best fit to the data. For the 63-taxon data sets including both fresh tissue samples and museum skin snips, partitioning by codon position but linking the 1st and 2nd positions was selected as the best-fit model for the 2-gene data set, whereas partitioning only by codon position (with each codon position treated as a separate partition) was selected as the best model for the 3-gene data set.
In the Bayesian phylogenetic analyses, model parameters were treated as unknown variables with uniform priors, and in the partitioned analyses all partitions were unlinked. Bayesian analyses were initiated with random starting trees, run for 10 million generations with 4 incrementally heated chains (Metropolis-coupled Markov chain Monte Carlo-Huelsenbeck and Ronquist 2001) , and sampled at intervals of 1,000 generations. Stationarity was assessed and all burn-in points (2,000 trees) were discarded. The retained equilibrium samples were used to generate a 50% majority-rule consensus tree with the percentage of samples recovering any particular clade representing that clade's posterior probability (Huelsenbeck and Ronquist 2001) .
Estimates of divergence times.-We used the program BEAST version 1.6.1 (Drummond et al. 2006; Drummond and Rambaut 2007) and the 47-taxon data set to estimate divergence times within C. hispidus. Although there is no known fossil for C. hispidus, Hafner et al. (2007) estimated the mean divergence between C. formosus and C. hispidus to be 13.07 million years ago (mya) with a 95% highest posterior density interval (95% HPD) of 10.41-15.74 mya. We employed a normal distribution for this mean prior and assigned a standard deviation of 1 for the split between C. formosus and C. hispidus on the 3-gene 47-taxon data set (in a nonpartitioned and partitioned framework). We recognize that use of a secondary calibration point is not ideal in divergencedating analyses and could potentially result in incorrect estimates of divergence times. However, this calibration is the only option at this time. Preliminary BEAST analyses resulted in the parameter ucld.stdev (the standard deviation of the uncorrelated lognormal relaxed clock) being significantly different from 0, which indicates that the data for C. hispidus are not clocklike. Therefore we enforced a relaxed, uncorrelated lognormal clock for our substitution rate. In BEAST, a Yule process speciation prior and an uncorrelated lognormal model of rate variation were implemented in each analysis. The best-fit model of nucleotide substitution for the nonpartitioned and partitioned 3-gene data sets was selected as determined above. Two separate Markov chain Monte Carlo analyses were run for 30,000,000 generations with parameters sampled every 1,000 steps, and a 10% burn-in. Independent runs were combined using LogCombiner version 1.6.1 (Drummond and Rambaut 2007) . TRACER version 1.5 (Rambaut and Drummond 2004 ) was used to measure the effective sample size of each parameter (all resulting effective sample sizes exceeded 200) and calculate the mean and upper and lower bounds of the 95% HPD for divergence times. Tree topologies were assessed using TreeAnnotator version 1.6.1 (Drummond and Rambaut 2007) and FigTree version 1.3.1 (Rambaut 2008) .
Network and population genetic analyses.
-If the specimens examined in this study are recently diverged with only a small number of substitutions differentiating haplotypes, then interspecific methodologies such as phylogenetic analyses may mask evolutionary processes within hispid pocket mice. Rather, intraspecific methodologies such as network and population genetic analyses may be preferred to reveal processes such as gene flow and thus gain a better understanding of species history (Cassens et al. 2003; Crandall 1996; Crandall and Templeton 1996; Demboski and Sullivan 2003) . Therefore, in addition to our phylogenetic analyses of C. hispidus, we also examined the mitochondrial data using network and population genetic analyses.
Only sequences from fresh tissue samples (47-taxon data set) were used for network and population genetic analyses because of large amounts of missing data in the sequences from museum skin snip specimens. Haplotype networks were constructed for each gene and the combined 3-gene data set. A statistical parsimony analysis (Templeton et al. 1992 ) using TCS 1.21 software (Clement et al. 2000) was performed to assemble the most-parsimonious haplotype tree (with linkages between taxa representing mutational events) and estimate a 95% plausible set for all haplotype connections.
The computer programs Arlequin version 3.5 (Excoffier et al. 2005) and DnaSP (version 5.1- Rozas et al. 2003) were used to calculate population genetic statistics including haplotype diversity (h), nucleotide diversity (p), uncorrected genetic distances, F ST statistics, and Tajima's D-test of selective neutrality (Tajima 1989) . Population structure and population pairwise / ST values were assessed with an analysis of molecular variance (AMOVA- Excoffier et al. 1992) . In these analyses, populations were defined a priori by subspecies and mitochondrial clade (as determined in the phylogenetic analyses) and significance was assessed by 10,000 randomization replicates. Arlequin also was used to calculate Fu's Fstatistics (Fu 1997) and mismatch distributions to examine the demographic history of C. hispidus.
We used the program SAMOVA 1.0 (Dupanloup et al. 2002) to conduct a spatial analysis of molecular variance (SAMOVA) in an attempt to detect genetic barriers among inferred populations. This program identifies groups of populations (K) that are maximally differentiated from each other (F CT index) without defining populations a priori. Each locality was considered a population and analyses were run for 10,000 iterations and 100 initial conditions for K ¼ 1, 2, 3, . . . , 10 groups. To assess correlation between population pairwise genetic distance and geographical distance, Mantel tests were performed using the program Alleles In Space (AIS -Miller 2005) .
Morphological analysis.-Specimens examined morphologically included the holotypes and topotypes of 3 of the 4 subspecies of C. hispidus (excluding C. h. spilotus [Appendix II]). A total of 303 specimens (129 females and 174 males) were used in the morphological analyses and there was little specimen overlap between the morphological and molecular aspects of this study (Appendix I and Appendix II). All specimens were adults with closed cranial sutures and occipital-nasal lengths (ONLs) greater than 25 mm. Eleven cranial characters were measured, including ONL, occipitalincisor length (OIL), nasal length (NL), rostral width (RW), width of interorbital constriction (IOC), zygomatic breadth (ZB), cranial width (CW), mastoid breadth (MB), diastema length (DIA), occlusal length of the upper premolar (LPM), and occlusal length of the upper molars (LM). Univariate and multivariate statistical analyses were performed using SYSTAT 8.0 (SPSS Inc. 1996). The measured cranial characters for specimens of C. hispidus were examined for sexual dimorphism using an unpaired t-test. Past work has not shown strong sexual dimorphism in Chaetodipus (Best 1993; Glass 1947) , and our results support this finding (P . 0.05 for all characters except for IOC without a Bonferroni adjustment). Accordingly, males and females were analyzed together.
To decrease the effect of individual size variation, all characters were transformed logarithmically and standardized (Burbrink 2001; Corruccini 1975; dos Reis et al. 1990; Gould 1966) . Discriminant function analyses were performed on both the raw and size-adjusted characters to determine if hispid pocket mice could be separated with a priori hypotheses of group membership to subspecies and to the mitochondrial clades identified in this study. The analyses generated classification matrices (jackknifed and unjackknifed) that showed the percentage of specimens correctly assigned to their a priori groupings.
RESULTS
Phylogenetic analysis.-All analyses recovered C. hispidus as a monophyletic group. Phylogenetic analyses of individual genes and the combined 3-gene data set (2,049 bp) of fresh tissue samples (47-taxon data set) resulted in no topological conflict regardless of the phylogenetic method used. The results of the Bayesian and maximum-likelihood analyses of the combined 3-gene data set are presented in Fig. 2 and results from all other analyses are available upon request. Although our sample of the subspecies C. h. spilotus (n ¼ 1) was not large enough to address the issue of subspecies monophyly, the subspecies C. h. hispidus, C. h. paradoxus, and C. h. zacatecae are not reciprocally monophyletic based on these data ( For the combined 3-gene data set, genetic divergences within each clade were small, ranging from 0.1% to 1.1% (uncorrected p-distances), with highest divergence observed within clade D. Higher genetic divergence was observed among clades ranging between 2.4% and 3.9%, with clade A being the most divergent group (3.9%, 3.8%, and 3.5% to clades B, C, and D, respectively). Of the 3 mitochondrial genes examined in this study, ND2 was the most variable, with genetic divergences ranging from 2.8% to 4.7% among clades. Examination of the ND2 data also shows that clade A is the most divergent group (4.7%, 4.5%, and 4.0% divergence from clades B, C, and D, respectively).
Monophyly of the 4 subspecies of C. hispidus also was assessed when museum skin snip samples were included in the analyses, resulting in larger sample sizes of both C. h. spilotus (n ¼ 11) and C. h. zacatecae (n ¼ 7). The results of the Bayesian and maximum-likelihood analyses of the 63-taxon data set for the combined 3-gene data set are presented in Fig.  3 . Results of the 2-gene and 3-gene data sets were similar, although support values were larger in the 3-gene data set (results available upon request). Notably, analyses of this 3-gene data set further supported 4 mitochondrial clades (clades A-D; Fig. 3 ) and lack of monophyly of all 4 subspecies. Even in the presence of substantial missing data from the COIII gene, support values when fresh tissue and museum skin snip samples were analyzed together were similar to those when only fresh tissues were examined. Clades B and C continue to receive strong support in the Bayesian analysis (Bayesian posterior probability ! 0.99), and clade C also is well supported in the maximum likelihood analysis (bootstrap support ¼ 92). Genetic divergences within and among clades were nearly identical to those of the 3-gene data set using only fresh tissue samples (results available upon request).
Estimates of divergence times.-Divergence-dating analyses for the 3-gene nonpartitioned data set estimated the origin of C. hispidus to be 7.39 mya (3.61-11.25 mya 95% HPD). Clades B, C, and D last shared a common ancestor 5.37 mya (2.52-8.68 mya 95% HPD). Lineage divergence within clades A, B, C, and D all occurred within the last 4 mya: 0.70 mya (0.005-2.13 mya 95% HPD), 2.49 mya (0.73-4.68 mya 95% HPD), 2.65 mya (0.88-4.79 mya 95% HPD), and 3.89 mya (1.61-6.57 mya 95% HPD), respectively. Divergence estimates were slightly younger in the partitioned data set (data available upon request).
Network and population genetic analyses.-Network analyses of the combined 3-gene data set resulted in 6 unconnected subnetworks corresponding to clades A and B, 2 subnetworks of clade C where 1 subnetwork consists solely of the most southern sample in Zacatecas, Mexico (CIB 16674; locality 12), and a northern and southern subnetwork of clade D (Appendix I; all networks are available upon request). When the connection limit was lowered to 90%, 4 unconnected subnetworks were resolved corresponding to the 4 mitochondrial clades. The clade D subnetwork showed a fair amount of reticulation (results available upon request) and network analyses of individual genes always resulted in an unconnected subnetwork corresponding to clade A and representatives from clades B, C, and D either formed separate subnetworks (ND2) or 1 large subnetwork (COIII and Cytb).
For the remaining population genetic studies, it is important to note that our sample size was small. We sampled a total of 47 individuals and, in all cases except 1, there was 1 individual per population (Appendix I). However, when mitochondrial clades were treated as populations (as they were for the majority of the population genetic analyses), sample sizes were larger, with 3, 7, 11, and 26 specimens for clades A, B, C, and D, respectively. Still, the results of the population genetic , and reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) genes for 47 specimens of Chaetodipus hispidus for which there were fresh tissues available (specimens without asterisks [*] in Appendix I). At nodes of interest, Bayesian posterior probability values from the partitioned analysis are indicated above the nodes, and maximum-likelihood bootstrap support values and Bayesian posterior probability values from the nonpartitioned analysis are indicated below the nodes, respectively. Support values at terminal nodes are available upon request. Taxa are listed by traditional subspecies name followed by locality number and museum specimen number ( Fig. 1 and Appendix I). Mitochondrial clades are indicated to the right of the phylogeny.
FIG.
3.-Bayesian phylogram resulting from partitioned analysis (by codon) of the cytochrome oxidase subunit III (COIII), cytochrome b (Cytb), and reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) genes for 63 specimens of Chaetodipus hispidus (all specimens for which there were fresh and museum skin snip tissues available [Appendix I]). At nodes of interest, Bayesian posterior probability values from the partitioned analysis are indicated above the nodes, and maximum-likelihood bootstrap support values and Bayesian posterior probability values from the nonpartitioned analysis are indicated below the nodes, respectively. Support values at terminal nodes are available upon request. Taxa are listed by traditional subspecies name followed by locality number and museum specimen number ( Fig. 1 and Appendix I). Museum specimens for which skin snips were used to collect genetic data are indicated with asterisks (*). Mitochondrial clades are indicated to the right of the phylogeny.
analyses should be interpreted cautiously and more extensive sampling will be necessary for future studies wishing to fully evaluate population processes within C. hispidus.
Every sequence of the combined 3-gene data set was unique (i.e., high haplotype diversity) and nucleotide diversity was low, indicating that most haplotypes were closely related and that C. hispidus may have undergone a recent population expansion (Table 1 ). Fu's neutrality test also supports a recent population expansion (a significantly negative F-statistic indicates rapid population expansion), but only for the entire sample and clades C and D. Similarly, results of Tajima's D neutrality tests were negative (also indicating population expansion), but only significantly so for clade D. The shape of the mismatch distribution (unimodal, bimodal, or multimodal) indicates a population expansion (unimodal distribution-Rogers and Harpending 1992) or a relatively stable demographic history (bi-or multimodal distribution- Ray et al. 2003) . In apparent conflict with the other population analyses, the mismatch distribution analysis for the entire sample and clades B, C, and D was multimodal (graphs available upon request), suggesting stable demographic histories for each clade (Ray et al. 2003 ; Table 2 ). However, the null hypothesis of population expansion cannot be rejected with a nonsignificant raggedness index (Ragged; Table 1 ). The small sample size of clade A precludes a clear understanding of the population history of this lineage.
Analysis of molecular variation of the combined 3-gene data set revealed significant population structuring, with 69.02% of the variation distributed among the mitochondrial clades (pairwise / CT ¼ 0.690; Table 2 ). Results were substantially different when AMOVA was performed on the 4 subspecies where a majority of the variation was distributed within each subspecies (pairwise / CT ¼ 0.295; Table 2 TABLE 2.-Analysis of molecular variance for the 4 subspecies (Chaetodipus hispidus hispidus, C. h. paraxodus, C. h. spilotus, and C. h. zacatecae) and the 4 mitochondrial clades (clades A, B, C, and D; Fig. 2 ) of the hispid pocket mouse, indicating the degree and significance of population structuring for the combined 3-gene data set.
a Significance of variance component (P) is indicated with an asterisk (*) and was tested by permutation according to Excoffier et al. (1992 Morphological analysis.-The 303 specimens analyzed morphologically belonged to clades B (n ¼ 20), C (n ¼ 80), and D (n ¼ 203; no specimens could be assigned to clade A) and represented the subspecies C. h. hispidus (n ¼ 75), C. h. paradoxus (n ¼ 128), C. h. spilotus (n ¼ 75), and C. h. zacatecae (n ¼ 25; Appendix II). Discriminant function analysis was not able to consistently discriminate among either the 4 clades (Fig. 4A) or the 4 subspecies (Fig. 4B ) of C. hispidus using the cranial characters selected for analysis. Results for the different data treatments (standardized and log transformed) were similar, with the log-transformed data presented below. A posteriori rates of correct classification into the 4 mitochondrial clades were 75% (clade B), 56% (clade C), and 76% (clade D) and a total of 88 (of 303) pocket mice were misclassified. Characters that showed high loading on the 1st discriminant function axis included ONL, ZB, CW, MB, DIA, and IOC. Characters with high loading on the 2nd discriminant function axis included ONL, MB, IOC, OIL, and CW. When specimens were analyzed by subspecies, a posteriori rates of correct classification were 71% (C. h. hispidus), 50% (C. h. paradoxus), 49% (C. h. spilotus), and 80% (C. h. zacatecae) and 129 pocket mice were misclassified. ONL, MB, IOC, and CW loaded heavily on the 1st discriminant function axis and IOC, CW, MB, and DIA loaded heavily on the 2nd discriminant function axis.
DISCUSSION
This study demonstrates that the 4 currently recognized subspecies of C. hispidus are not genetically or morphologically distinct. Instead, we find 4 distinct mitochondrial clades of C. hispidus that do not correspond to currently recognized subspecies, but each of which is separated by ecological and geographical barriers (Fig. 5) . The hispid pocket mouse is an arid grassland specialist (Paulson [1988] and references therein). Climatic (e.g., historical drying cycles intermittently interrupting and reconnecting continuous ranges) or possibly even recent historical anthropogenic (e.g., habitat loss due to agriculture) changes, or both, may have caused repeated expansion and contraction of the species' geographic range as it tracked suitable grassland habitat. These expansions and contractions, especially those in the Pliocene and Pleistocene, may have restricted genetic exchange within C. hispidus, possibly resulting in isolation of populations corresponding to our 4 mitochondrial clades. Although our population genetic analyses do indicate that gene flow is likely still occurring among some clades (Table 2) , a larger sample size will be necessary to fully address population-level processes within C. hispidus.
Potential geological barriers affecting gene flow among the 4 mitochondrial clades include the Southern Coahuila filterbarrier, which divides the Chihuahuan Desert into 2 major subregions differing in topography and climate (Altiplano Norte and Altiplano Sur- Arriaga et al. 1997; Morrone 2005) . The Southern Coahuila filter-barrier is located in the Chihuahuan Desert and is made up of 3 segments: a western extension of the Sierra Madre Oriental, the Ríos Nazas and Aguanaval, and the central Mayrán Basin. The Mayrán Basin is a terminal basin that is prone to flooding from the 2 rivers, particularly prior to recent installation of flood-control dams along the Río Nazas (Hafner et al. 2008) . It is possible that large bodies of water persisted during pluvial periods in the Pleistocene (and possibly earlier), which may have caused the isolation of C. hispidus in north-central Mexico that is now represented by a remnant population corresponding to clade A ( Fig. 5 ). During these pluvial periods, populations north and south of the Southern Coahuila filter-barrier probably adapted to their respective subregions and began to diverge from one another.
Along with the Southern Coahuila filter-barrier, the Sierra Madre Oriental may have served as a geological barrier between the subspecies C. h. hispidus and C. h. zacatecae (Fig.  1) . This mountain range has been implicated as a barrier to gene flow in other mammal species with similar ranges (Guevara-Chumacero et al. 2010; Neiswenter and Riddle 2010.). The uplift of the Sierra Madre Oriental occurred during the early Eocene, which would have allowed for sufficient time to pass for separate, genetically isolated populations of mammals to form (Hafner and Riddle 2011) . However, the Sierra Madre Oriental does not appear to serve as a barrier between C. h. hispidus and C. h. zacatecae. Rather, gene flow is ongoing between populations in northeastern Mexico and central and southern Mexico, likely through the central region of the Sierra Madre Oriental (clade C; Fig. 5 ). Therefore, although the Sierra Madre Oriental may be a barrier to gene flow in some mammals, it is not for C. hispidus. The large number of basins located within the mid-Sierra Madre Oriental (Dicken 1936) were formed by erosion and other geological processes (Schmidly 1974) and may provide suitable dispersal routes for several mammal species (Ceballos et al. 2010) , especially for low grassland specialists such as C. hispidus.
In the western United States, climatic oscillations during mesic times may have temporarily restricted desert dwelling species on either side of the Deming Plains (Castoe et al. 2007 ). The Deming Plains, also known as the Cochise filterbarrier (Morafka 1977) , is located along the continental divide between southwestern New Mexico and the Río Grande and creates an east-west boundary between the Sonoran and Chihuahuan deserts ( Fig. 5; Hunt 1983 ). When warmer and drier interglacial periods occurred, the east-west boundary would disappear, desert brush would replace grasslands, and many taxa would be rejoined (Hafner and Riddle 2005; Riddle 1995) . During cooler, more mesic times, the boundary would reappear, primarily represented by grassland habitat, reuniting grassland specialists such as C. hispidus. These periodic fragmentations may have caused divergence between clades B and D (Fig. 5) . Similarly, climatic oscillations in southeastern Texas during the late Pliocene-Pleistocene resulted in repeated Gulf Coastal marine incursions (Riddle 1995; Riddle and Honeycutt 1990) , which may have resulted in divergence and subsequent expansions of clades C and D (Fig. 5) . Similar vicariant events have occurred in other taxa such as Peromyscus attwateri (Lack et al. 2010) . As in our study, genetic diversity among populations of P. attwateri was generally low, indicating that not enough time has passed for populations to diverge substantially. Last, the Balcones Escarpment in Texas also may have played a role in shaping phylogeographic patterns between clades C and D in the western United States. A study of the herpetofauna of Texas found that a high percentage of species had geographic margins coincident with the Balcones Escarpment (Smith and Buechner 1947) . It is probable that a combination of climatic shifts along the Balcones Escarpment resulted in divergence of clades C and D (Fig. 5) . Hafner et al. (2007) hypothesized that C. hispidus diverged from C. formosus in the mid-Miocene, approximately 13 mya. It is reasonable to assume that this divergence took place in central Mexico for several reasons: fossil evidence suggests that species distributions within the Heteromyidae never extended north of the United States-Mexico border until after the mid-Miocene (Wahlert 1993) ; the current range of C. formosus includes the southwestern United States and the Baja Peninsula, which did not form until roughly 6 mya (Riddle et al. 2000b) , suggesting that C. formosus was restricted to central and northern Mexico until it was able to expand its range after the Miocene; and clade A, restricted to north-central Mexico, is the most basal group in all phylogenetic analyses. Our divergence-dating analyses support the timing of these events (although we note that our estimates are based on a secondary calibration point and will require verification should more fossil evidence become available). Diversification within C. hispidus did not occur until~7 mya and diversification within each clade was even more recent. It was not until the glacialinterglacial climatic oscillations of the Pliocene and Pleistocene (which altered ecological zones fragmenting continuous ranges) that rapid lineage diversification and expansion began within C. hispidus (see above).
Previous morphological accounts of C. hispidus report that many physical characteristics used to delimit subspecies may be too variable to be of taxonomic value. For example, hispid pocket mice found in Vernon Parish, Louisiana (C. h. hispidus; locality 25; Fig. 1 ) were characterized as more similar morphologically to C. h. paradoxus from the western portion of the species range than to other representatives of C. h. hispidus (Glass 1947) . Other species accounts (e.g., Osgood 1900) indicate that there is only a gradual gradation of morphological differences among C. h. hispidus, C. h. paradoxus, and C. h. spilotus. Morphological examination herein also supports lack of differentiation both among named subspecies and mitochondrial clades (Fig. 4) . Thus, it appears that subspecific definitions based on morphological characters examined to date are not appropriate for C. hispidus. We propose that rather than basing subspecific definitions on inconsistent morphological variation, subspecies within C. hispidus should be recognized based on genetic data and geographic barriers with which the genetically defined clades are broadly concordant. Using genetic data to recognize subspecies is in agreement with previous subspecies definitions (Barrowclough 1982; Endler 1977; Lidicker 1960 Lidicker , 1962 and studies (Hafner et al. 2008; Hafner and Smith 2010; Hafner et al. 2009; Patton et al. 2008; Shipp-Pennock et al. 2005 ) and would result in biologically meaningful taxonomic designations.
We acknowledge that the subspecies recognized here are defined solely using mtDNA and that reliance on 1 type of marker is not ideal for taxonomic revisions because the phylogeny represents a gene tree rather than a species tree (Ballard and Whitlock 2004; Bazin et al. 2006; Edwards et al. 2005; Maddison 1997 ). Despite these concerns, mtDNA data are ideal to address phylogeographic questions, especially when the goal of the study is to examine taxonomic or geographic limits of recently evolved species (Zink and Barrowclough 2008) . In these cases, it is exceedingly difficult to find a nuclear marker with enough variability to be informative. Fast-evolving nuclear markers, such as microsatellites and single-nucleotide polymorphisms, are currently unavailable for C. hispidus and are more appropriate for rigorous demographic analyses (Edwards and Beerli 2000) with greater sampling than what is available for the current study. In an effort to provide additional support for our findings based on mtDNA, we examined both morphology as well as a nuclear molecular marker. Unfortunately, morphology is conserved within C. hispidus, and thus uninformative, and our examination of a nuclear molecular marker (exon 1 of the interphotoreceptor retinoid-binding protein) for a subset of specimens of C. hispidus provided no resolution among taxa (data available upon request). Importantly, the geographic distribution of subspecies based on the mtDNA data presented herein is associated with postulated historical barriers, and thus is phylogeographically more meaningful than previous morphologically defined subspecies.
Herein, we recognize 3 of the 4 mitochondrial clades of C. hispidus as subspecies. In doing so, we place C. h. spilotus and C. h. zacatecae in synonomy with C. h. paradoxus and C. h. hispidus, respectively, and restore C. h. conditi (in agreement with Hoffmeister [1986] and Hoffmeister and Goodpaster [1954] ). At this time, we recognize clade A as incertae sedis. Although it is a genetically distinct group based on mitochondrial data (with 7, 8, and 17 unique nucleotides for COIII, Cytb, and ND2, respectively [Figs. 2 and 3]), support for this group is oftentimes low. Furthermore, the sample size for both molecular and morphological work for this clade is small to none (n ¼ 3 and n ¼ 0, respectively). Additional sampling and a thorough morphological and molecular investigation of hispid pocket mice from this region in central Mexico is necessary to determine the taxonomic status of clade A. Chaetodipus hispidus (Baird, 1858) Hispid Pocket Mouse (synonymy under subspecies)
Description.-Body size large for the genus, total length usually larger than 180 mm and length of the hind foot usually greater than 22 mm. Differs from other Chaetodipus species in having a noncrested tail equal to or shorter than the length of the head and body. Most similar to C. baileyi, but with coarser dorsal fur, fur with more buff to ochraceous tones, and with a conspicuous buff to ochraceous lateral stripe. Osgood (1900) noted that the skull of C. hispidus varies individually more than is usual in the genus and affords scarcely any reliable differences among subspecies (Osgood 1900) .
Distribution.-Occupies the Great Plains from south-central North Dakota southward to central Tamaulipas, Mexico, and westward to southeastern Arizona (Fig. 5) . Occurs generally east of the Rocky Mountains (extending as far east as westcentral Louisiana) and west of the Missouri River and Ozark Plateau (extending across southern New Mexico to southeastern Arizona and extreme northeastern Sonora). The southernmost limit of the range of C. hispidus is on the central plateau of Mexico (broadly, from southern Coahuila and Nuevo León southward through Zacatecas, Aguascalientes, eastern Jalisco, eastern San Luis Potosí, Querétaro, and Guanajuato, possibly extending as far south as Hidalgo).
Chaetodipus hispidus hispidus (Baird, 1858) Referred material.-Presented in Appendixes I and II and Fig. 1 .
Description.-External characters as per the species. Means and ranges (in parentheses) of several skull characters (in mm) from specimens examined in Appendix II were: ONL, OIL, IOC, ); ZB, 13.77 (11.52-15.97); CW, 13.85 (12.31-15.59); MB, 12. 95 (10.98-14.43 ); DIA, ).
Distribution.-Southern Texas, south of the Balcones Escarpment southward into northeastern Coahuila and Nuevo León, and south-central Tamaulipas, extending across the Sierra Madre Oriental onto the central plateau of Mexico. Within Mexico, northwestern limits are east-central Durango and north-central limits are southern Coahuila and probably southwestern Nuevo León with a northern limit south of the Southern Coahuila filter-barrier at the Río Nazas in Durango (Petersen 1976) . Range extends southward through Zacatecas, San Luis Potosí, Aguascalientes, eastern Jalisco, Guanajuato, Querétaro, and probably México and Hidalgo. Complete distribution limits currently are unknown (see below).
Comments and comparisons with other taxa.-Chaetodipus h. hispidus is equivalent to clade C as defined genetically in this report (Figs. 2, 3, and 5) . Morphologically, skull measurements are most similar to those of C. h. conditi. The geographic range defined herein is very different from that described in earlier accounts. The Balcones Escarpment and Gulf Coast marine incursions (resulting from climatic oscillations in southeastern Texas) may have served as barriers isolating C. h. hispidus from C. h. paradoxus to the north. Additionally, now included within C. h. hispidus are populations previously defined as C. h. zacatecae. Although Osgood (1900) and Glass (1947) noted apparent morphological differences between C. h. zacatecae and other subspecies of C. hispidus, our analysis of cranial characters does not agree with these findings. Furthermore, genetic data do not support the contention that C. h. zacatecae represents a distinct evolutionary lineage. Rather, individuals occupying the range of C. h. zacatecae group with C. h. hispidus due to apparent gene flow through the Sierra Madre Oriental (size and number of dispersal routes are unknown). The Southern Coahuila filterbarrier, however, does appear to serve as a northern limit between C. h. hispidus and clade A (incertae sedis). It is important to note that the full distribution of C. h. hispidus is not finalized. The western limits of the distribution of C. h. hispidus are unknown and it is possible that C. h. hispidus and C. h. conditi may be in contact provided appropriate grassland habitat (however, there appears to be very little gene flow between these 2 subspecies [ Table 2 ]). Additional collections in Durango (west and north of the Southern Coahuila filterbarrier) as well as central Mexico are necessary to determine the full extent of the range of this subspecies. We did attempt to obtain a better idea of the full distribution of clade C by gathering sequence data from 1 museum skin snip specimen located in Hidalgo (one of the southernmost states where C. h. zacatecae has been previously collected). Unfortunately, due to a large amount of missing data we did not include this specimen in our analyses (skin snip samples were analyzed only if we had obtained at least 3 gene fragments, see ''Materials and Methods''). Inclusion of this specimen in preliminary phylogenetic analyses, however, resulted in this specimen grouping with clade C, supporting our distribution map (Fig. 3) .
Diagnosis.-Chaetodipus h. hispidus is currently diagnosable only by geography and mitochondrial data. This subspecies is recognized as a genetically distinct group based on 3 mitochondrial genes with 3, 1, and 8 unique nucleotides for COIII, Cytb, and ND2, respectively (Figs. 2 and 3 ).
Chaetodipus hispidus conditi (Allen, 1894) Perognathus hispidus conditi Allen, 1894:318 Referred material.-Presented in Appendixes I and II and Fig. 1 .
Description.-External characters as per the species. Means and ranges (in parentheses) of several skull characters (in mm) from specimens examined in Appendix II were: ONL, OIL, IOC, ZB, CW, .00); MB, ; DIA, ).
Distribution.-Chihuahuan Desert from southwestern New Mexico and southeastern Arizona south through central Chihuahua and north-central Durango. The distribution of C. h. conditi also may extend into the extreme northeastern corner of Sonora.
Comments and comparisons with other taxa.-Chaetodipus h. conditi is equivalent to clade B as defined genetically herein (Figs. 2, 3 , and 5). When he described C. h. conditi, Allen (1894) recognized that this subspecies could not be readily distinguished from C. h. paradoxus, hence its placement as a synonym of C. h. paradoxus by Hall (1981) , among others. Hoffmeister (1986) and Hoffmeister and Goodpaster (1954) , however, found morphologically distinguishable populations of C. h. paradoxus and C. h. conditi in Arizona and Chihuahua. Genetic data presented herein further support recognition of these western populations as a valid subspecies, C. h. conditi. The northeastern limit of the range of C. h. conditi is unknown, and this subspecies may contact C. h. paradoxus in this region. The Deming Plains and the Río Grande may serve as potential barriers between C. h. conditi and C. h. paradoxus and it is likely that contact between these 2 subspecies will depend on the presence of suitable grassland habitat. Additionally, the southeastern limit of the range of C. h. conditi also is unknown and it is possible that C. h. conditi and C. h. hispidus may be in contact provided appropriate grassland habitat (although there appears to be very little gene flow between these 2 subspecies [ Table 2 ]). We note that repeated attempts to amplify genetic data from the type specimen failed. However, the specimens from localities 14, 15, 28, and 29 ( Fig. 1 and Appendix I) were collected in the same or nearby counties as the type locality.
Diagnosis.-Chaetodipus h. conditi is currently diagnosable only by geography and mitochondrial data. This subspecies is recognized as a genetically distinct group based on 3 mitochondrial genes with 4, 1, and 5 unique nucleotides for COIII, Cytb, and ND2, respectively (Figs. 2 and 3 ).
Chaetodipus hispidus paradoxus (Merriam, 1889) Perognathus hispidus paradoxus Merriam, 1889:24 Comments and comparisons with other taxa.-Chaetodipus h. paradoxus is equivalent to clade D as defined genetically in this report (Figs. 2, 3, and 5) . Morphologically, C. h. paradoxus is the largest subspecies based on skull measurements. In previous taxonomic accounts, there were reports of considerable morphological intergradation in terms of size, color, and other characters among C. h. hispidus, C. h. paradoxus (and synonyms), and C. h. spilotus, resulting in multiple taxonomic changes. Past taxonomic confusion as a result of morphological intergradation is appropriately dealt with by redefining the geographic ranges of C. h. hispidus and C. h. paradoxus, and recognizing C. h. spilotus as a synonym of C. h. paradoxus. The current geographic range of C. h. paradoxus encompasses the range previously described for C. h. spilotus and the northern and eastern parts of the range previously described for C. h. hispidus. The western limits of the range are unknown and C. h. paradoxus may come into contact with C. h. conditi. However, it is likely that the Río Grande and suitable habitat within the Deming Plains will determine the western limits of C. h. paradoxus.
Diagnosis.-Chaetodipus h. paradoxus is currently diagnosable only by geography and mitochondrial data. This subspecies is recognized as a genetically distinct group based on 2 unique nucleotides for ND2 (Figs. 2 and 3 ).
RESUMEN
El ratón Chaetodipus hispidus es uno de los miembros más divergentes genéticamente y morfológicamente dentro de los heterómidos del género Chaetodipus. Existen 4 subespecies de C. hispidus reconocidos, C. h. hispidus, C. h. paradoxus, C. h. spilotus, y C. h. zacatecae, cuya distribución se extiende desde Dakota del Norte hacia el sur por las Grandes Llanuras y Texas hasta el centro de México. En este estudio, se investigó la estructura filogeográfica de C. hispidus através del examen de datos de ADN mitocondrial en muestras recientes y antiguas a lo largo de las zonas de la distribución de las especies. También se examinaron 11 caracteres craneales en 303 muestras para determinar la variación morfológica en las especies. Aunque los análisis no pudieron diferenciar entre las subespecies, los análisis filogenéticos indican que 4 subespecies actualmente reconocidas de C. hispidus no son genéticamente distintos. En cambio, nuestros resultados indican que hay 4 nuevos clados mitocondriales distintos de C. hispidus que no corresponden con las subespecies actualmente reconocidas, pero cuyos límites geográficos coinciden con grandes rasgos geográficos delsur de los Estados Unidos y el norte de México. La barrerafiltro de Coahuila Meridional (Durango y Coahuila), las llanuras de Deming (Nuevo México), y el escarpado de Balcones (Texas) han actuado probablemente como barreras físicas intermitentes al flujo genético entre los distintos clados mitocondriales, los cuales reconocemos como subespecies dentro de C. hispidus.
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APPENDIX I
Hispid pocket mouse (Chaetodipus hispidus) taxa examined in the molecular section of this study. Skin snip samples from museum study skins are indicated with asterisks (*). Number of the locality is as in Fig. 1 
APPENDIX III
List of newly designed internal forward (F) and reverse (R) primers for cytochrome b (Cytb) and reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) used for amplification and sequencing of museum skin snip specimens of Chaetodipus hispidus. 
